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Fifteen patients (median age 8.5 years) with fixed right
ventricular outflow tract obstruction were evaluated by
two-dimensional echocardiographically directed contin-
uous wave Doppler ultrasound within 24 hours of cardiac
catheterization. Pulmonary artery blood velocity mea-
surements were determined from a real time spectral
display of pulmonary artery flow profile and converted
to pressure drop utilizing a modified Bernoulli equation.
Use of both parasternal and subcostal imaging permitted
more accurate detection of maximal flow velocity than
did use of either approach alone. Gradients estimated
from Doppler recordings correlated well with those mea-
sured at cardiac catheterization (correlation coefficient
Reliable noninvasive assessment of the severity of outlet
tract obstruction in patients with pulmonary stenosis has
been difficult using standard methods of evaluation (1-3).
In addition, clinical estimation of severity can be mislead-
ing, particularly in individuals with mild to moderate ste-
nosis (4). Recently, blood flow velocity measur~ment ob-
tained by continuous wave Doppler ultrasound has been used
as a noninvasive method of quantifying the degree of ob-
struction in patients with mitral, aortic and tricuspid stenosis
(5-9). Initial studies (10) applying this technique to the
evaluation of transvalvular pressure gradients in patients
with pulmonary stenosis have yielded good results. In this
study we further evaluated the ability of combined contin-
uous wave Doppler and two-dimensional echocardiography
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= 0.95, standard error of the estimate = 7.9 mm Hg)
with a trend to slight underestimation of gradient in
more severe obstruction. In three patients with com-
bined valvular and subvalvular stenosis and one patient
with right ventricular outlet obstruction due totally to a
ventricular septal aneurysm, Doppler estimation of gra-
dient provided an accurate assessment of total right ven-
tricular-pulmonary artery gradient. Thus, continuous
wave Doppler ultrasound combined with two-dimen-
sional echocardiography provides a reliable noninvasive
method of estimating pressure gradient in patients with
right ventricular outflow tract obstruction.
to predict the pressure gradient in patients with right ven-
tricular outlet obstruction.
Methods
Patient group. Fifteen consecutive patients were stud-
ied (Table I). The group ranged in age from 3 months to
35 years (median 8.5 years). Fourteen of the 15 patients
had valvular pulmonary stenosis with thickened valve cusps
documented both by two-dimensional echocardiography and
right ventricular angiography. The remaining patient (Pa-
tient 11) had a small ventricular septal defect with aneurysm
formation of the membranous septum and secondary right
ventricular outlet obstruction. The pulmonary valve in this
patient appeared normal on both echocardiography and an-
giography and was confirmed to be normal by direct vision
at surgery.
Of the 14 with valvular stenosis, 3 had an additional
fixed gradient due to hypertrophied muscle bundles at the
subvalvular level which was documented by pressure re-
cordings. In no patient did review of the right ventricular
angiogram suggest significant dynamic infundibular ob-
struction. Three patients had atrial septal defect (pulmo-
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Table 1. Comparison of Pressure Gradients Determined at Catheterization and Gradients Estimated by Continuous Wave
Doppler Ultrasound
~P (mm Hg)
Age QPi Doppler Doppler
Case (yr) Diagnosis Oiters/min per m2) Cath Parasternal Subcostal
I II Valvular PS, ASD 4.9 13 12 9
2 \1'. Valvular PS, ASD 7.4 15 33
3 17 Valvular PS, ASD 7.1 19 17 17
4 9 Valvular PS 6.1 20 16 21
5 17 Valvular PS/PI 4.0 22 21 21
6 8 Valvular PS 4.2 27 23 23
7 4 Valvular PS 3.5 42 36 35
Valvular AS/AI
8 II Valvular PS/PI 6.1 46 24 23
9 4 Valvular PS 4.1 58 44 42
10 35 Valvular PS 2.1 60 46
II 5 Septal aneurysm, VSD 4.1 62 52 55
12 5 Valvular PS 3.4 64 45 46
13 3 Valvular PS 3.5 73 25 64
14 6 Valvular PS, 3.3 103 92 55
subvalvular PS. VSD
(R~L shunt)
15 Valvular PS, 2.0 123 90 84
subvalvular PS
AI = aortic valve insufficiency; AS = aortic stenosis; ASD = atrial septal defect; Cath = cardiac catheterization; PI = pulmonary valve insufficiency;
PS = pulmonary stenosis; QPi = pulmonary flow index; VSD = ventricular septal defect; ~P = pressure gradient from right ventricular body to main
pulmonary artery.
nary/systemic flow ratio < 2:1 in each case) and two had
a mild degree of pulmonary valve insufficiency observed
on pulmonary angiogram. No patient had undergone pre-
vious surgery.
Cardiac catheterization. This was performed after
standard light sedation. Right ventricular outflow pressure
gradients were recorded during pulIback from the main pul-
monary artery to the body of the right ventricle utilizing
either a multihole or end-hole fluid-filIed catheter. Instan-
taneous peak systolic right ventricular outlet gradient was
measured and utilized for comparison with Doppler flow
estimates of pressure drop. Oxygen consumption was as-
sumed from standardized data (II) and pulmonary blood
flow calculated utilizing the Fick principle.
Ultrasonic equipment. The equipment used consisted
of a commercialIy available phased-array echocardiograph
with an integrated Doppler unit capable of both pulsed and
continuous wave recording (Irex System IlIB). The Doppler
system operated at a frequency of 2 MHz, and was capable
of measuring velocities of up to 6 mls in the continuous
mode. The accuracy of this instrument in providing esti-
mates of peak gradient was previously validated in our lab-
oratory in experimental aortic constriction in the anesthe-
tized open chest dog (12). The Doppler outputs of the system
consisted of an audio signal, a full display of a spectral
analysis formulated by microprocessor and a display of max-
imal and mean velocities of the Doppler sample provided
by an analog circuit.
Spectral and analog frequency signals were displayed as
velocity, on the basis of the relation: V = (LlF X Vs)/(2
Fo X cos e), where V = velocity; LlF = detected frequency
shift; Vs = velocity of sound; Fo = frequency of trans-
mitted ultrasound signal (2 MHz); and cos e = cosine of
the angle of incidence of ultrasonic beam with flow. Because
the analog display is both gain- and threshold-dependent
and because, at optimal settings selected to reduce signal
to noise artifact, the analog display occasionalIy underes-
timates peak velocity as determined from spectral analysis;
the spectral display alone was used for determination of
peak velocity. Although Doppler signals could be obtained
only from the center line of the echocardiographic image,
a cursor was available that was aligned with the main axis
of the pulmonary artery, displayed angle e and corrected
the Doppler outputs for cosine e. A freeze-frame two-
dimensional echocardiographic image and all Doppler out-
puts with internal calibration markers were converted to hard
copy for analysis and measurement.
Imaging procedure and gradient calculation. Doppler
echocardiographic examinations were performed within 24
hours of cardiac catheterization utilizing both parasternal
(Fig. I) and subcostal (Fig. 2) imaging. For parasternal
imaging the patient was placed in the left lateral decubitus
position with the head elevated 30°. The transducer was
placed in the left parasternal area at the second to fourth
intercostal space in order to obtain optimal imaging of the
pulmonary artery. Subcostal imaging was performed in all
patients with the patient supine and with the transducer
oriented cephalad so that the right ventricular outflow tract,
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Figure 1. Case 12. Two-dimensional echocardio-
gram obtained from the parasternal position and
corresponding Doppler flow profile in patient with
valvular pulmonary stenosis. Ao = aortic root; ECG
= electrocardiogram; LA = left atrium; MAX =
maximal; PA = main pulmonary artery.
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pulmonary valve and proximal pulmonary artery were well
visualized. The Doppler sampling volume was then scanned
across the pulmonary valve until the maximal frequency
shift. as determined by audible signal, was obtained. The
highest peak flow velocity was determined by the spectral
display of frequency shift, and the spectral display was
recorded. Great care was exercised to minimize the angle
of incidence between the path of the Doppler signal and the
main axis of the pUlmonary artery. In the youngest (3 months)
and oldest (35 years) patients the anatomy of the right ven-
tricular outflow tract and pulmonary root did not permit this
angle to be reduced to less than 20° from the subcostal
imaging plane and flow velocity utilizing the subcostal view
was not measured in these patients. In none of the remaining
cases did the angle of incidence exceed 20°.
Peak velocity as determined from the spectral display
was measured in m/s utilizing internal calibration markers.
Three consecutive beats were measured and averaged to
determine the final peak velocity. Recorded peak flow ve-
locity on spectral display was converted to pressure gradient
utilizing the modified Bernoulli equation (7): ~ P = 4V2
where ~P = pressure drop in mm Hg and V = peak Doppler
velocity in mls. The maximal pressure drop thus derived,
whether from the parasternal or subcostal approach, was
used for comparison with catheterization data.
Statistical analysis. Standard linear regression analysis
was employed to compare gradients estimated from Doppler
ultrasound with those determined at cardiac catheterization.
Results
Estimation of pressure gradient. Ventricular outflow
peak systolic pressure gradients measured at cardiac cath-
eterization, ranged widely from 13 to 123 mm Hg (Table
I). All 15 patients demonstrated increased pulmonary artery
flow velocity by continuous wave Doppler ultrasound (range
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Figure 2. Case 9. Two-dimensional echocardio-
gram obtained from subcostal position and corre-
sponding Doppler flow profile in patient with val-
vular pulmonary stenosis. RA = right atrium; RV
= right ventricle; SPEC = spectrum; other abbre-
viations as before.
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1.7 to 4.8 mJs as compared with previously reported normal
values [13] of 0.7 to 1.1 mJs). Pressure gradients estimated
from continuous wave Doppler assessment of pulmonary
artery flow velocity correlated well with those measured at
catheterization (r = 0.95, standard error of the estimate =
7.9 mm Hg) (Fig. 3). In patients with both valvular and
subvalvular obstruction, Doppler estimation of gradient re-
flected total right ventricular-pulmonary artery pressure dif-
ference rather than the transvalvular gradient alone.
The system used was not capable of unambiguously re-
solving velocities of more than 1.7 mJs in the pulsed Doppler
mode. As a result, pulsed Doppler recordings demonstrated
aliasing in all 15 patients and thus were incapable of pro-
viding estimates of peak gradient.
Effect of imaging plane. Maximal pulmonary artery flow
velocity measurements obtained from Doppler recordings
in the parasternal and subcostal approaches were nearly
identical from both positions in 9 of the 13 cases in which
both views were available. In two patients use of the para-
sternal approach resulted in gradient estimates that were
higher than those obtained from the subcostal approach by
33 and 67%, respectively. In the two remaining cases, sub-
costal examination yielded respective gradient estimates 31
and 156% greater than would have been possible using the
parasternal approach alone.
Effect of pulmonary flow. Mean calculated pulmonary
flow index was higher in the five patients with lesions pre-
disposing to increased pulmonary blood flow (atrial septal
defect or pulmonary valve insufficiency) than in patients
without such conditions (5.9 ± 1.4 versus 3.6 ± 1.2 li-
ters/min per m2 , mean ± standard deviation). However,
mean percent error in gradient estimation was not appre-
ciably different in the former group as compared with the
latter (23 versus 16%).
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Figure 3. Comparison of right ventricular body-main pulmonary
artery pressure gradient (.lP) measured at cardiac catheterization
(CATH) and gradient estimated from Doppler assessment of pul-
monary artery flow velocity, Dashed line = line of identity; solid
line = regression line,
Discussion
Predictive value of continuous wave Doppler ultra-
sound. Our study confirms that continuous wave Doppler
echocardiography can be of predictive value in assessing
gradient severity in right ventricular outlet obstruction. This
predictive ability is based on estimation of total right ven-
tricular-main pulmonary artery pressure gradient rather than
transvalvular gradient alone, permitting use of the technique
in cases in which conventional methods of assessment may
be less reliable, Further, both parasternal and subcostal im-
aging are necessary for optimal gradient estimation,
Comparison of continuous wave and pulsed wave sys-
tems. The bases for the estimation of pressure gradients by
Doppler ultrasound are that obstruction results in an increase
in blood flow velocity, and that the magnitude of velocity
increase is directly related to the pressure drop across the
stenotic lesion (14). Continuous wave Doppler ultrasound
techniques convey the ability to quantify high velocities,
which would be anticipated in patients with significant semi-
lunar valve obstruction. In contrast, pulsed wave systems
are restricted in the maximal velocity that can be accurately
measured because the requirement to pulse and await the
return of each interrogating impulse limits pulse repetition
frequency. Thus, at very high velocities a pulsed Doppler
system often ambiguously depicts flow in an opposite di-
rection, a situation referred to as aliasing. The pulse repe-
tition frequency will, of course, be dependent on the depth
of the interrogation, and higher velocities may be accurately
delineated by a pulsed system in the near-field. Although
recent studies (15) have suggested that the limits may be
somewhat less restrictive than previously acknowledged,
continuous wave assessment remains unique in its ability to
quantify pressure gradients greater than 70 mm Hg and in
the ease with which it can be utilized.
The primary limitation of continuous wave Doppler as-
sessment is that flow is sampled along the entire depth of
the selected image line, so that the precise location of ab-
normal flow velocity cannot be defined. In our series this
did not present difficulties in gradient estimation even in
patients with associated ventricular septal defect or aortic
valve disease, Indeed, continuous wave Doppler recordings
accurately predicted the total gradient when multiple ob-
structions existed within the right ventricular outflow tract.
Further, the greater size of the continuous wave sample
volume may be advantageous when searching for a discrete
poststenotic jet.
Technical considerations. The estimation of gradients
by continuous wave Doppler ultrasound requires that the
poststenotic jet be located and tracked throughout the du-
ration of flow, and that the ultrasonic beam be aligned as
closely as possible parallel to the direction of flow. The two
patients in our series in whom gradient estimation by Dop-
pler ultrasound correlated least well with catheterization
findings were among the first three individuals in whom the
technique was used. Clearly, experience and close attention
to examination technique, involving minimization of angle
of incidence and precise location of the area of maximal
flow velocity, are required to prevent errors in gradient
estimation.
Under- and overestimation ofthe gradient. Our data sug-
gest that, at higher velocities of flow, continuous wave
Doppler evaluation may tend to underestimate right ven-
tricular outflow gradients measured at cardiac catheteriza-
tion. It is possible that this phenomenon is related to tech-
nical limitations within the system. Alternatively, viscous
and accelerational components of the Bernoulli equation,
which are neglected in the simplified equation used in this
study, may assume a greater absolute role as poststenotic
jets assume smaller size and greater velocity. Severe stenosis
may also result in an eccentric jet that is not parallel to the
main axis of the pulmonary artery as defined by echocar-
diographic imaging. It is important to note that our data are
in agreement with earlier findings which indicate that over-
estimation of pressure gradient utilizing this technique is
unusual (8, 10). Such overestimation, if present, would most
likely be the result of improper use of correction factors for
an unusually great angle of incidence of the Doppler ultra-
sonic beam.
Parasternal versus subcostal approach. The impor-
tance of locating the peak velocity poststenotic jet and align-
ing the Doppler beam in a parallel fashion was emphasized
by the occasional disparities between gradient estimates by
use of parasternal and subcostal approaches. In the present
study, an equal number of gradients were underestimated
by each technique. In two cases, anatomic considerations
precluded accurate estimation of gradient from the subcostal
imaging plane. Although, in both cases, gradients estimated
from the parasternal approach compared well with those
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measured at cardiac catheterization, the potential for under-
estimation in cases in which only one imaging approach is
used clearly exists. Accordingly, our data suggest that every
effort should be made to obtain Doppler recordings from
both parasternal and subcostal approaches to optimally pre-
dict pressure gradient in pulmonary stenosis. When infor-
mation can only be gained from one imaging plane, a small
but real potential for significant gradient underestimation
must be accepted.
Aortic versus pulmonary valve gradient estimation. The
correlation between Doppler and catheterization gradient
measurements in the present patients with right ventricular
outlet obstruction is superior to that observed in our labo-
ratory in patients with aortic stenosis (12). This difference
is most likely related to the fact that the present study group
consisted primarily of children, whereas the patients with
aortic stenosis were often elderly adults in whom the trans-
mission of an ultrasonic beam into the circulation was often
impeded by lung or bone. Moreover, the pulmonary artery
is located in the near-field and affords an excellent oppor-
tunity to direct the ultrasonic beam along the course of the
jet. Despite the use of apical, right and left parasternal, and
suprasternal approaches it may still be difficult to track the
poststenotic jet with a small angle of incidence in aortic
stenosis. Therefore, it is likely that the application of con-
tinuous wave Doppler ultrasound to the estimation of pres-
sure gradient in right ventricular outlet obstruction will con-
tinue to yield slightly superior results to gradient estimation
in aortic stenosis.
Clinical implications. No patient in our study was be-
lieved to have a significant degree of dynamic right ven-
tricular outflow tract obstruction; therefore, conclusions re-
garding the ability of Doppler ultrasound to identify and
quantitate such obstruction must await further study. Sim-
ilarly, although we found that Doppler ultrasound evaluation
of right ventricular outlet obstruction was relatively unaf-
fected by the presence of associated lesions that can produce
small increases in pulmonary artery flow, the accuracy of
the Doppler technique in the evaluation of pulmonary ste-
nosis associated with the higher flows noted in large ven-
tricular or atrial septal defects requires further study. Never-
theless, our data document that continuous wave Doppler
ultrasound combined with two-dimensional echocardio-
graphic imaging offers a reliable, noninvasive, repeatable
method for the evaluation of severity of right ventricular
outlet obstruction due to both valvular and fixed subvalvular
obstruction. Patients with pUlmonary stenosis, particularly
those with confusing clinical signs, would be expected to
benefit from such evaluation.
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